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TESTS OF A GUST-ALLEVIATING WIKG IN THE GUST TUNNEL

By C. C. Shufflebarger
STUMMARY

Tests were made ir the NACA gust tunrel to deterrcine
the effectiveness of a torsionally flexible wing with the
torsion axis ahead of the locus of the section aerody-—
namic centers in reducing airplane accelerzations due %o
atmospheric gusts. For three zgust shapes, a serieg of
flishts was made with the airplane =model equipped with ei-
ther a torsionzlly flexible or a rigid wirng,

The resualts indicated that the torsionally flexible
wing reduced the maximum acceleration incremert 5 percent
for the sharp—~edge gust end about 17 percent for zust
shapes with gradient distances of 6.8 and 15 chord lengths.
The analyrsis indicated that the erfectiveness of this meth-
od of gust alleviation was independsunt of the Fust veloc—
ity .aend that, for the same %total load increment, the tor-—
sionally flexible wing would nave 10 percent less bending-
nonent increment a% the root section of the wirng than a
rizid wing in all put %the sharpest gusts. The resultis
also indicatoed that the torsionally flexibls wing slighitly
increased the long¥tudinal stability of the airplare mod-
el in a gust,

THTRODUCTION

Pwro devices that depend uvon the use of a trailing-—-
edge flep for alleviating the loads or airplones dune to
gusts have been tested. One device (reference 1) depends
upon tae vertical displacement of the airplane o operate
the Zlap; the other device (reference 2) depends upon an
auxiliary airfoil to operate thes flap. Both these devices
are of a meckanical nature and are therefore not so reliag-
ble as a method that makes use of the inherent elastic
propertlies of the airplane structure. A method that makes
use of the inkercnt elastic properties of the wing for the
alleviation of sust londs results when the torsion axis of
A wing of low forsional rigidity is locatoed shead of the
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locus of the section aerodvnamic centers. In this arrange- P

ment increasing loads on the wing cause ircreasing washout,
which reduces the total load on the wing and the bending
moment at the wing root. An advantage of this method over
the method tested in reference 1 is that the functioning
of the arranzement is dependent upon the load on the wing
instead of the displacement of the airplane, which may be
small when the load is high. The practical application of
gsuch a method would involve questions of reversal of con-—
trol and flutter with conventional ailerons; consideration
of these points indicates that some form of leading-—edse
laterel control will be necessary. T

When the present investigation was -undertaken, tests
of a pronising leading-edge lateral-control system were
being made., Inssmuch as this control did not meet expec—
tationsg, the use of the method of gust alleviation report—
ed herein must await the development of a satisgfactory

lateral—control svstem. Even if this difficulty were over—

come by the- development of a satisfactoryr lateral-control

svetem, however, present desizn trends tend to make this

svebtem impracticadble.

e —————

This paper presents the results of tests of an air-—
plane model equipped with a wing in which the alleviation
of gust loads was obtained by torsionzl deflection. The
tests were made with three gust shapes in the NACA gust
tunnel during the summer of 1939.

-

APPARATUS AND TESTS

The gust tunnsl and the auxiliary equipment have bsen

described in reference 3. The 3Zust shanes used during tke
investigation are shown in figure 1.

The pertinent characteristics of the airplane model

(figs. 2 and 3) that was used in the tests are given In
table I. Waen tne model was flown, it was equipped with
either of two wings. One wing wns of low torsioanl rizlid-—-
ity (flexidle winz) and the torsion axis was located at 10
percent of the chord. The other wing was like the firsi
one except taat it nad a hizher torsional risidity (rizid
wing) and its torsion axis was located at approximately.
25 percent of the chord. Both wings were covered wilth
thin sheet rudber, the purpose of which was to obtain low

torsional rigidity with one wing and to have comparable
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surfaces on the two wingzs. Details of the siructure of
the flexible wirng are shown in figure 4. The leading edge
of the wing was cut in the chord direction at frequest
stations and was braced in the drag direction by struts
with ball—and-soclet Joints at each end. :

The twist curve for the flexibie wing under 2 load-
factor increment of 2.0 is shown in figure 5. This curve
was obtained by distribvuting the load along the 25-pvercent-
chord poirts in such a menner as to take into account the
effect of the twist and the wing mass on the span loading.
A similar curve is not given for the rizid wing becsuse,
under unormal loadings, the rizid wing was found to have
negligible twist.

The measured fundamental period of:the flexivle wing
in torsion is listed in tadble I. Similar measurements are
given for the rigid wing. '

Because all corputations were based on a wing rigid
in bending, the fiexible wing wos made as rigid in bending
as feasibléd. In order %o obtaln a measure of the wing
rigidity, the static-winz deflection curves ard the natural
periods of the two winZs in bernding were experimentally de-
termined. The ratursl periods of the wings in bending ore
Ziven in tabdle I onéd the static-wing deflection curves in
bending for o load factor of 1.0 {(loading proportional to
the chord) are shown in figure 6. -

In addition to the usual measurements of »itch, accel-
eration increment, and sveed, the vertical displacements of
two stations alonz the chord of the wirg tip were recorded
during passase through the gust. This measuremert was
made by recording the vertical displacements of two small
lamps, mounted forward and rearward along the chord of the
wing %ip, on the accelerometer film as shown in Ffigure 7.
Any movemenit of oane lamp relative to the other lanmp served
as A dirsct measurement of the wing twist. Owing to the
method of recording the notion, the record of the $ip no-
tion A shown in fizure 8 is offset on the film from the
acceleration record B. :

'

Interference of the diagonal drag braces with the
wing ribs under load increments greater then 1.258 required
a restriciion of the Iust velocities used in the tunnel to
values that Zave incroments less than the forezoing value.

The test procedure consisted in flying the model,
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equipped with elther the flexible or the rigid wing, over
the gust tunnel under similar conditionsg. The tests were
nade for zust-gradient distances of 1, 5.8, andi 15 chord
lengths, one nominal forward velocity, and one value of
the wing loading. The velocities and ths winz loading
used are included in table I; the gust shapes are shown in
figure 1. PFive or nore flights were made for each condi-
tion to obtain mean values of the acceleration increment,

RESULTS

The rocords obtained 2urins the tests wero evaluated
to give histories of events during entrr into ard trav-
erse of the gust. Sanple historles of uncorrected re—
sults for repeat flights for sach of the test conditions
are shown in fisgures 9, 10, and 11.

The maximun acceleration increment for each run was
corrected to a forward velocity of 60 feet per second and
to a gust velocity of 6.0 feet per second. Thies correc-
tion wag made on the assumption that the acceleration in-
crenent varied ¢irectly with the gust velocity and the
forward speed. (Bxperimental verification of this assunp—
tion is shown in refersnce 3.) MThe actual gust velocitles
used for each gust—3radient distance are ircluded in table
I. The corrected acceleration increnents are shown in
figure 12 for both the flexible-wing end the rigid-wing
models as a function of the gust-gradient distance.

The wing effectiveness, defined a&s the percentage re-
duction in acceleration increment due to tkhe wing flexlbil~
ity, was computed for 'each gust—-gradient distance from the
data of figure 12 and is shown in figure 13.

PRECISION
The measured quantities .for any run are estimated to

be accurate within the following limitg:

- - io-l";

1
H
1
i
1
i
i
I
1

Acceleration. increment —.
Forward velocityr - = =~ = = =« *1.0 foot rer second

Gust velocity — —iwe ="~ = - 0,1 foot per second
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Pitch—~angle increment - - = — = = = — - - - — - *0,2°
Twist of wing tip - - = = = = = = - = - —- - - = #0,2°

In addition to direct errors of measurement, there
exist iniirect errors resuliing from oscillations of the
airplane model after it left the catapult. In the dis-—
cusslon of reference 4 it is indicated that these errors
have a negligible effect on the acceleration increment al~
though they may have a large effect or the measured pitch
disvlacement of the modsl %in a long gradient sust.

An approximate calculation based on the naturei peri-
od in bending (tadle I) and the wing-deflectiom curves of
figure 6, indicated an error in acceleration increment of
not more than 1.5 percent due to the flexidvbility of the
wings in bending., ¥his error is felt to be well within
the accuracy of the other measurements.

The effoctiveness of the flexible wing in reducinzg,
the maxinum acceleration increment, as determircd fronm tae
test rosults, is estimated to be accurate within +N.04g.

DISCUSSIOK

As shown by the anzle-of-pitch curves 'in the sanmple
time histories (figs. 9, 10, and 11) the flexibdle wing had
a snall Sut favoradle 6ffect on tho longitudinal stability
in a gust., OCalculations made in a manner sinilar to those
of reference 4, but which included the effect of downwash,
also bore out this trend toward increased stabilisr.

The results of figure 15 indicate that the allevia-—
tion of the zust load by this method amounts o approxi-
mately 17 percent in the case of the longer zust-sradient
distances; whereas, for the saortest one tested, the alle—
viation is only 5 vercent. Tho smaller reduction in the
easo of the shortest zgrodient distonce is primarily due
to the fact that the time of application of the load was
such that the wing twist was not directly proportiomal Ho
the acceleration. (For eoxanvle, in fig. 9, when accoler—
ation has reached 50 percent of its maxirum valuwe, the
wing twist is only 27 percent of its maxinmum.) Rough cal-
culations indicate that, in order for the wing twist to
be directly vproportional to tho applied load, the tinme of
apprlicatiom of the load increment, from zero %o maxinun
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(Q.03 to 0.14 sec for gust shapes used), nust be greater
than the natural torsional period of the wing (fadble I,
0.0562 sec). In the present case this condition would be
fulfilled for gusi-gradient distances greater than 6 chord
lengths. Practically, the small allevization obtained in
the shortest gradient gust is of small comsequence because
‘' present knowledge indicates that gusts of snall qrndlent
distonceg are of snall intensity.

Calculations made according to the method outlined in
the appendix indicated that, for the ideal case where the
wing btwist is proportional to the acceleration increnent,
the wing effectiveness in alleviating the loads due to
gusts would decroase slightly with an increase in the gra—
dient distance and would be indevendent of the zust veloc-
ity. The solid line of figure 13 giwves the results of the
conputations for this case. 4s previously polnted out,
however, the lag of the wing altered the recsponse of the
systenm in the shortest gust-3radient distances so that
the results given by the dasked line of figure 1% are ap-
plicable to the case tested when the wing lagged. It can
be-sven’ that the exvorimental points are in fair agreencnt
with these conputations.

Ir addition to reducing the total load, the flexidble
wing changes the span load distribution so that the bend-
ing moment at the wing root ie less than that for a rigid
winz with the same total load increment. Conmputations
indicated that, for the airplane nodel used with a wing
twist equivalent to about 3° linear twist per unit load
factor, the bending-moment increment at the wing rocot
would be reduced by aprroximately 10 percent. " This value
applies only when the twist is proportional %o the load
increment,

As previously mentioned, the practical application
of this method of gust alleviation to an airplane would
raise many serlous qhestions, the most important of which
would probably be questions of flutter and reversal of
aileron control. It is well known thot, with a wing of
low torsional rigidity, the use of a flap control such as
the conventional alleron may cause a reversal of lateral
control. : :

A leading-edge lateral-control system would reduce,
if not eliminate, the twisting moment due to the lateral—
control system., Present design practices, such ag the use
of conventional high-1ift devices and the location of en-—
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g€ine nacelles, fuel tanks, ond other equipment in the
wings, would likxewise make a higher torsional rigidity
necessary ard thereby reduce the effectiveness of the wing.
In the absence of a satisfactory leadirg—-edse control and
with present trends, it is felt that the method of allevi-—
ating gust loads by torsional deflection of the wing would
not be a vracticable one.

CONCLUDIXG REMARKS

For the airplane model tested, the results indicated
that the torsiomally flexible wing reduced the maxinun
acceleration increment 5 percent for a sharp—edge gust and
about 17 percert far zust shapes with gradient distances
of 6,8 and 15 chord lengths. The arglysis indicated that
the small reduction of the acceleration increment in a
shaorp—~edge gust was due toc the lagging of the acceleration
by the wing ¢twist and that the wing effectiveness was in-~
dependent of the sust velocity. -Computations also indi-—
cated that, for the same %otal load. increment, the torsion-
ally flexible wing would have 10 percent less bending-—-
moment increment at the wing root seciion than a rigid
‘wing in a2ll but the sharpest gusts. Both conmpubtatiom and
experiment indicated that the torsionally flexible wing
slightly increased the longitudinal stadlility ir a Fust.

In the absence of a satisfactory leading-—edge control
and with present.itrendeg, it ig felt that the method of al~ "’
leviating gust loads by torsional deflection of the wing
would be impracticable. . '

Langley Memorial Aeronauticai Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Ve., March 5, 1941.



8 RWACA Technicel Note No. 802

APPENDIX

Conputation of Wing Effectivoness

The computations for the wing effectiveness wero nade
with the following assunptions:

l. The acceleration increment is a linear function
of the distance penetrated in a linear gradient gust.

2 The twist of the wing at any station varies di-
rectly with the acceleration increment of the airplane
model,

3« The pitch cf the alrplane model. is negligible %o
pealk acceleration. .

4, TWhether the wing is flexible or - rigid, the maxinunm
value of acceleration increment will oczur at the gane dis-
tance from the start of the zust.. (See equat*ons (3) and
(4) of reference 5.)

5. The effect of %the winq'fwist can bDe representéd
by an equivalent change of angls of attack of the wing.

6. The model can be considered as consisting of a
wing only.

7« The wing is rigid in bendinsg.

The equation for An, the maximum acceleration incre-—
ment, is then:

r
- 401 5q 1 : - g) &U
bn = —=d =2 T CLg (gp = 8) 35 s
o )
a.c =
1, 5 ¢ 1 An ’
“zz‘vﬁ“s‘;/%a (s3 = 8) e as
[
S1
dGL Sq_ ' \(3.&-[-,
"3 W f Oy (e = &) g5~ ds (1)

where
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gcceleration increment at the point of maxinunm
gust veloecitr.-for a linear &£radient gust

:wing ares-

dynamic pressure

airplane weight
slope of wing 1ift curve per radian

forward velocity (assumed constent)
mean geometric chord ©of wing
gust velocity at any vpoint

ungteady—-1ift function for arn airfoil penetrat-—
ing a sharp-edge gust (reference 5)

distance airplane has penetrated into gust,
chord lengths

gradient distance, chord lengths

unsteady—1ift function for a suddéen change of
angle of attack for infinite aspect ratio

Cp =1 - % _ (derived fronm equation (la),
Ig s

reference 7)

effective change of angle of attack due to twist
of wing

Xy, X5, and K, constants

Subscripts:

F

R

flexible wing

rigid wing
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bl -

The first two terms of equatioﬂ (1) represent those
of equation (1) of.reference 1, the first term beingd idon-
tical and the second ternm being derived by gubstituting

for K, and An(s) their values  ¢/V =and AR g, respec~
2 . 31

tivoly. These two terms reprosent the.acceleration incre-~
nent for a model with a rizid wing.,- For a particular caose:

Anp = Ang, - K;fng

Ao = el
R + Xy

where An, represents the first tern of'equation (i) and

K,4np the second term with An replaced by  Ang..

The third term of equation (1) is easily solved if the
wing ftwist is assuned to be directly vroportlonml to the
acceleration incremnent (assunption 2) . Then ay 1is pro-

portianal to An. (assunption 5) so that

. - 4L
a = Ky 22 s and %Ei =k 22
p3

Substitute. in the third term of oquation (1) and perfornm
the indicated operation. The third term is equal to
EsAn for a particular casse and

AnF = An b KlAnF b KSAnF

o
or

- Anoz” o
1.+ K, + Ky

AnF =

The wing effectiveness is therefore ocqual %o

fnp = Ang

1+ K
100 (2EB_ 3 3\
AnR

1+ X, + X, /

= 100 (1 -

When the period of the inposed acceloration (consid~
erad here to be twice the time from-zero, to peak accel-
eration) is less than twice the torsional period of the
wing, the wing twist will no longer be directly propor-
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tional to the acceleration owing to 1las of the wing notion.
When cssunmption 2 did not hold (wing motion lagzed the ac—~
celeration) and for the shorter gugt—-gradient distances
whore assurption 1 was not true, the aralysis was nade as
follows: _

ls. Tro motion of the wing was computed for unit ac-
celoration, the torsional frequency of the wing and tho
frequency of %the inposed acceleration (determined fron as-
sunption 4) being taken into ‘account. Methods of conput-
ing tke notion may ve found in any good textbook on vi-
bration., For the case of the sharp—-edgo gust wherec as-
sunption 1 does no% hold, the shaps of the acceleration
curve vas representod By 1 - 1 cos pt where % 1is the
tine ir seconds after the cnbtry into the gust and p =
4V 4+ (distance to peak acceleration). -

2. The third-torn of eguation (1) is solved graphic~
ally as in referocnce 4 for the motion of the wing for unit
acceleration. + The resulting wvalue is equal to X, and

the wing effoctiveness is found as beforo.
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TABLE I

802

Characteristicg of Airplane Model

13

¥odel dypothetical
With With airplane with
rigid (flexible|flexible wing
wing wing
Weight, pounds - - — - - —- 1.55 1.55 21,400
Wing area, square feet - - 1.71 1.71 985
Wing loading, pounds per
gquare foot —- - - .91 <91 21.8
Span, feet - - - - - - - = 3.05 3,058 73.2
Mean geometric chord, feet .562 .562 12.5
Center of gravity, percent
mean geomebric
chord — - = ~ = 25 25 25
¥Fundamental wing period,
seconds:
Bending = = = = - - - - 0217 L0127 « 106
Torgion — = = = = = - - « 0562 (a) . 275
Mopment of inertila, ok 2,
slug-feet® - - .0115 .0115 | 91,500
Gust velocity, feet per
second:
l—-chord—~length gust - - 2,83 3.91 18.8
6.8—~chord~length gust - 4,33 4,55 2l.2
15~chord—~length gust ~ = 6.70 7.06 32.8
Forward vslocity, feet per
second = —« —~ - ~ 60.0 58.0 294

a
Approximately same as value in bending.
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Figure B.- Portion of accelerometer film showing: A, Record of wing-tip motion in the
B. Record of acceleration in the gust.
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